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One-, two- and three-dimensional nanostructures of copper
molybdenum oxide hydroxide were successfully constructed by a
simple approach through a pH-dependent dimensional
transformation of ammonium copper molybdate. Thin nanoplates of
copper molybdate, which were obtained by sintering the
two-dimensional nanobelts of copper molybdenum oxide hydroxide,
exhibited remarkably high reversible lithium storage capacity, good
rate capability and excellent cycling stability.

Molybdenum oxides have been extensively used as anode materials in
lithium-ion batteries (LIBs),*due to their unique physical and elec-
trochemical properties. However, only a few studies have character-
ized the application of transition metal molybdates in LIBs.*® Further,
most of the reported cases showed a relatively low reversible capacity
than molybdenum oxides.®” For example, the 2D CoMoO, nanoplates
and 3D Co,Mo0304 submicron particles possessed reversible capacities
of 560 mAh-g* after 50 cycles® and 425 mAh-g™ after 40 cycles,®
respectively. Also, we noticed that the highly monodisperse 3D copper
molybdate (CuzMo,04, CM) micropompons only exhibited a reversi-
ble capacity of 129 mAh-g™ after 60 cycles, even though they can
maintain excellent charge-discharge stability and very high coulombic
efficiency during 100 charge-discharge cycles.’® It constitutes a
challenge: how to improve the reversible capacity of transition metal
molybdates.

Our essential idea is to understand the influence of structure of CM
(a typical transition metal molybdate), specifically dimensional
changes, on LIBs performance. Therefore, in the framework of the
present study, we developed a method to synthesize different dimen-
sional nanostructured CM materials by an efficient and reliable tech-
nique. Initially, we prepared ammonium copper molybdate
[(NH,),Cu(M0Q,),, ACM-1] using the reaction of ammonium mo-
lybdate tetrahydrate (AMT, 0.72 mmol) with copper acetate dihydrate
(CAD, 2.50 mmol) at 383 K for 30 min under hydrothermal conditions
(Experimental section, ESIT). Subsequently, a series of copper mo-
lybdenum oxide hydroxide [Cus(OH),(M00Q,),, CMOH] materials
with various dimensions, including 1D, 2D and 3D nanostructures, as
the precursor of CM were obtained through a pH-dependent dimen-
sional transformation of the ACM-1 (Figure 1). Finally, the CMOHs
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ss were sintered at 773 K for 3 h in a muffle furnace to produce CMs, in

which the shapes of the CMOHSs can be maintained. To the best of our
knowledge, this is the first example of pH-induced dimensional
transformation of molybdates. More importantly, we found that the
structure of CM, especially dimensional changes, significantly affects

s the reversible capacity of LIBs. For example, 2D nanoplates showed

much higher levels than 1D and 3D structures. We believe that this
work represents an important advance regarding molybdate materials.
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Figure 1. Schematic illustration describing the formation of the CMOHSs with

65 different dimensions derived from ACMs at initial pH values of 2.0, 2.5 and 3.0.

Scale bars are 1 um for ACMs and 500 nm for CMOHs.

As seen from field-emission scanning electron microscopy images
(FE-SEM, Figure 1), three kinds of CMOHs with different dimensions,

70 namely 1D nanorods (CMOH-1), 2D nanobelts (CMOH-2) and 3D

nanoparticles (CMOH-3), were successfully fabricated in high yields
(79, 93 and 88%, respectively) using a pH-driven procedure from
irregular particles of the ACM-1 (Figure 1 and Figure S1, ESIf; di-
ameter, 0.5~1.5 um) to the CMOHs (Equation 1). The crystallographic

75 structure and phase purity of the CMOHSs were determined by X-ray

diffraction (Figure S2, ESIt). All of the diffraction peaks were as-
signed to a monoclinic structure with a space group of P2,/n (JCPDS
86-2311)."* No impurity was found. As shown in Figure 1, the
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CMOH-1 nanorods (diameter, 150 nm; length, 2~3 pm), CMOH-2
nanobelts (thickness, 100 nm; width, 1~2 pm; length, 5~7 um) and
CMOH-3 nanoparticles (diameter, 100~400 nm) were obtained at
initial pH values of 2.0, 2.5 and 3.0, respectively. This result strongly

5 suggests that a pH-dependent dimensional change occurred in the
process from the ACM-1 to the CMOHs.

JCPDS: 87-0455
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Figure 2. XRD pattern (a) and FE-SEM image (b) of CM-2 nanoplates; TEM
micrograph (c) and HR-TEM image (d) of a single CM-2 nanoplate; the inset in
10 Figure 2d shows the SAED pattern of a single CM-2 nanoplate.

CMOH
ACM + H* ——> Cu® + Mo0O,% 1)
%{_/

CMOH

CMOH —= CM + H,0 2)

We noticed that the ACM-1 can be sufficiently dissolved in HCI to
produce Cu®* and MoO,*" ions in the pH range of 2.5~3.5. Therefore,
the  pH-driven  procedure may be regarded as a

15 dissolution-precipitation process with different levels of details.
Further, we found that the ACM-1 cannot be fully dissolved at lower
acidity (eg, pH=4 and 5, Figure S3, ESIY), while higher acidity led to
the complete dissolution of the CMOH (eg, pH=1, Figure S4, ESIY).
This result is interesting because it allows us to consider that the

20 acidity plays an important role in creating the structures of the CMOHSs.

Clearly, the effect of acidity is associated with relative growth rate of
crystal directions, since relatively higher acidity is favourable for the
1D growth, moderate acidity for the 2D growth and relatively lower
acidity for the 3D growth. We think that the precipitation transfor-
s mation and especially the dimensional transition driven by pH
gradients are very important to the evolution and development of later
inorganic nanomaterials.
Also, we obtained a 2D nanoplate material of CMOH-4 (thickness,
100 nm; width, 500 nm; length, 4~5 pm) at an initial pH of 3.0 based
3 on the same dissolution-precipitation process using the disc-like
ACM-2 (diameter, 1.5~3 um; thickness, 300~600 nm, Figure 1 and
Figure S1, ESIt) as precursor. This means that the structure of ACMs
is not related to the crystal-forming process of CMOHs.
Moreover, the CM-1 (1D nanorods), CM-2 (2D nanoplates, Figure
3 2) and CM-3 (3D nanoparticles) were successfully synthesized

(Equation 2, Figure S5, ESIt) by simply sintering the CMOH-1,
CMOH-2 and CMOH-3 at 773 K for 3 h, respectively. As seen in
Figure 2a, all of the reflection peaks of the CM-2 can be readily in-
dexed as a pure orthorhombic structure with a space group of Pnma
(JCPDS 87-0455). No impurity diffraction peak was detected. In
addition, the diffraction peaks were quite narrow, indicating high
crystallinity.

The X-ray energy dispersive spectrometry (EDS, Figure S6, ESIT)
analysis confirms that the CM-2 contains only elements of Cu, Mo and
45 O, and the molar ratio of Cu:Mo:O is approximately 3:2:9. Further, the

wavelength-dispersive X-ray fluorescence spectrometry (WDXRF,

Figure S7, ESIt) analysis indicates that the weight contents (wt%) of

Cu and Mo elements in the CM-2 material are 36.19 and 36.35%

respectively, which provides additional evidence for the EDS results.
so It is worth stressing that the CM-2 nanoplates show fairly smooth
surfaces (Figure 2b) and are very thin, with a thickness of smaller than
50 nm. The transmission electron microscopy (TEM, Figure 2c) image
of a single nanoplate reveals that the width is about 300 to 400 nm. By
comparing the structures of the CMOH-2 and CM-2, we can roughly
infer that the thermal decomposition reaction from the precursor to the
final product can result in a morphology change from nanobelts to
nanoplates, but does not cause a change in dimension. High-resolution
TEM (HR-TEM, Figure 2d) indicates that the CM-2 nanoplate is
single crystalline with a spacing of 0.73 nm corresponding to (002)
s planes. The selected area electron diffraction (SAED) pattern in the

inset of Figure 2d shows that the nanoplate crystal has an ordered
lattice structure and the diffraction spots are well consistent with the

(002) and (020) planes of the orthorhombic CM phase. From the X-ray

photoelectron spectroscopy (XPS) survey spectrum (Figure S8, ESIT)
es Of the CM-2 nanoplates, only Cu, Mo and O are observable, and the

binding energies of Cu(ll) and Mo(VI) are the same as those reported
in the previous study.*®
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Figure 3. The first three consecutive CV scans of the electrodes made from the
70 CM-2 nanoplates at a scan rate of 0.2 mV-s™ in the voltage range 0.01~3.00 V
versus Li*/Li.

Further, we investigate the electrochemical property of the CM-2 by

cyclic voltammetry (CV). Figure 3 illustrates the CV curves of the CM

75 nanoplates at a scan rate of 0.20 mV-s! in the potential range of

0.01~3.00 V. Obviously, the curve of the first cycle is different from

those for the following cycles, and no significant change was seen

between the second and third cycles, suggesting a electrochemical
behaviour similar to other metal oxides in LIBs.™

CU3M0209 + 18Li
Mo + 2L|20
M002 + LI20

E——

3Cu + 2Mo + 9Li,0 3)
MoO, + 4Li 4)
MoOj + 2Li 5)

—_—
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In the first cathodic sweep, the peaks at 2.03 and 1.45 V are at-
tributed to the intercalation of lithium ions into the CM lattice, forming
the stable intermediate Li,M003.%® The other two can be regarded as
the reductions of Cu(ll) to Cu(0) at 0.55 V and Mo(IV) to Mo(0) at

5 0.10 V (Equation 3).28%

The broad oxidation peak at about 1.75 V in the anodic scan cor-
responds to the oxidation of Mo(0) to Mo(1V) (Equation 4).1" Besides,
in the second and third cycles, it is observed that a new cathodic peak
occurs at 1.17 V, owing to the reduction of Cu(ll) to Cu(l).® The

10 broader oxidation peak at 1.80 V is ascribed to partial oxidation of
Mo(I1V) to Mo(VI1) (Equation 5).° The positive shift of the anodic peak
may be due to the polarization phenomenon of the electrodes in the
first cycle.’®
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15 Figure 4. (a) Charge-discharge voltage profiles of the CM-2 electrode at the
first, second, third, tenth and fiftieth cycles and (b) cycling performance and
coulombic efficiency of the electrode at a current density of 100 mA-g ™.

According to the CV results, the lithium storage mechanism of the
20 CM-2 is mainly associated with the formation of the irreversible
Li—Cu—O and the electrochemically active Li,MoO, during the charge
and discharge process.?
Figure 4a displays the charge-discharge curves of the CM-2 nano-
plates in the voltage range from 0.01 to 3.00 V at a constant current
2 density of 100 mA-g . At first, second, and third cycles, the discharge
and charge capacities of the electrode material are 1225, 1163 and
1079 mAh-g %, and 1123, 1057 and 1059 mAh-g*, respectively. The
low irreversible capacity loss of around 8.3% at this constant current
density may be ascribed to the occurrence of irreversible processes,
a0 such as the formation of solid—electrolyte interface layer and the
trapping of some lithium in the lattice of the electrode material.?**?
After 10 and 50 cycles, the CM-2 electrode exhibits the discharge
capacities of 823 and 720 mAh-g* at a constant current density of 100

mA-g %, as seen from this figure.

s Figure 4b presents the cycle performance and coulombic
efficiency of the CM-2 nanoplates at a current density of 100
mA-g™. The specific capacity first decreases slowly (from cycle 1
to cycle 13), then increases and finally levels off (from cycle 14 to
cycle 120). Such a change in capacity, which is somewhat similar

40 10, but not the same as that observed for some alloys of transition
metals in LIBs, may be due to the electrochemical activation of the
electrode material.Z It is worthy of note that even after 120 cycles
the reversible capacity of the electrode is still up to 746 mAh-g™,
which is about six times greater than that of the CM

s microspheres.°
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Figure 5. The rate performance of the CM-2 electrode at the current densities
of 100, 200, 300, 400 and 500 mA-g*.

75

so  The coulombic efficiency of the CM-2 nanoplates is about 90%
during the first few cycles, and remains above 99% in the
subsequent cycles until the 120th cycle. It suggests the coulombic
stability in the reversible formation and decomposition process of
the LiyMoO, phase. Such an increase in coulombic efficiency is of

ss great importance since an electrode with an increased coulombic
efficiency will consume less fuel to gain more energy.

The rate performance of the CM-2 material was shown in Figure
5. The average capacities were determined to be 940, 682, 608, 537
and 484 mAh-g™ at the current densities of 100, 200, 300, 400 and

s 500 mA-g*, respectively. As far as we know, this is one of the only
two examples for the rate comparison of transition metal
molybdates in LIBs.>* Although the capacities were gradually
decreased with the increase of current densities, it is striking that
this material still retains a reversible capacity of 484 mAh-g™* even

esat a current density of 500 mA-g™, exhibiting excellent rate
capability. In particular, after being tested at high rates, the
material still can be partially recovered since it presents an
increasing capacity at a current density of 100 mA-g?, which
implies that the structure of the electrode is considerably stable. To

70 our knowledge, our results represent the highest efficiency
reported to date for any transition metal molybdates in LIBs under
standard conditions (Table 1, ESIf).5¢:8:920:24.25

In addition, the electrochemical performance of the CM-1
nanorods and CM-3 nanoparticles were investigated in comparison

75 with that of the CM-2 nanoplates. We found that the nanorod and
nanoparticle electrodes exhibit much lower charge-discharge
capacities (301 mAh-g™* and 208 mAh-g ™, Figure S9, ESIt) after
120 cycles than the nanoplate electrode at a current density of 100
mA-g’l.

s To understand the high capacity and good cyclability of the
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CM-2 electrode, we examined the surface characteristics of these
materials by nitrogen adsorption-desorption isotherms (Figure S10,
ESIY). Our data indicate that the Brunauer-Emmett-Teller (BET)?®
specific surface areas and Barrett-Joyner—Halenda (BJH)?' pore
diameters of the 1D nanorods, 2D nanoplates and 3D nanoparticles
are 45 m?gtand 71 nm, 19.4 m*>g ! and 30 nm, and 3.4 m?.g!
and 44 nm, respectively. It is clear that the nanoplate electrode
presents a much higher BET surface area and a much lower BJH
pore diameter than the nanorod and nanoparticle electrodes. The
difference in surface structure can be an important reason why the
materials performed different electrochemical behaviours in LIBs.
The nanoplate structure with a larger BET surface and a smaller
pore diameter may possess more exposed active sites and
interfaces. On the other hand, the thin 2D plate nanostructure also
can significantly shorten the diffusion distance of Li ions and thus
facilitates the lithium insertion-extraction kinetics.?®2°

In summary, in the present paper we report on a new possibility of a
controlled structural transition from ACM to CMOH by changing pH
in water. To our knowledge, this is the first paradigm showing that a
dissolution/precipitation equilibrium between the two transition metal
molybdates may be accompanied by a dimensional transformation
between them in a pH-driven process. A series of CMOH nano-
materials with different dimensions (from 1D nanorods, 2D nanobelts,
to 3D nanoparticles) were successfully constructed using this equilib-
rium model. Moreover, there were no significant structural and di-
mensional changes as a result of the transformation procedure from
CMOH to CM. Further, two nanomaterials: CM-1 nanorods and CM-2
nanoplates were obtained through this transformation process and
evaluated with respect to their possible application in LIBs. Our data
provided strong evidence that the CM-2 nanoplates exhibited greatly
enhanced lithium storage properties, including very high storage
capacity, extremely high coulombic efficiency and excellent cycling
stability, compared to the other structures such us nanorods, micro-
flowers and so on. It can be attributed to ultrafine particle size, very
thin planar structure and large surface area. We think that the present
study provides a starting point for further research on the controlled
synthesis of inorganic nanomaterials using a pH-driven precipitation
equilibrium transition, and believe that the as-obtained CM-2 is a
potential anode material for LIBs due to its efficient and environ-
mental friendly synthesis.
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1D, 2D and 3D nanostructures of CMOHSs were successfully constructed through a pH-dependent dimensional
transformation of ACM.
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